Dedicated to the memory of Professor Robert Vleggaar is investigated by means of cyclic voltammetry. The complexes all exhibit a twoelectron oxidation process that is W-based and a one-electron reduction that is mainly localized on the carbene ligand. Complexes 1-4 and 9-12 are considerably more difficult to oxidize than 5-8 due to the better π-acceptor ability of the (CO) 4 (PR' 3 ) (R' = Ph or OPh) ligand combination than that of (CO) 3 (dppe). Density functional theory calculations on the neutral, reduced and oxidized complexes confirmed the role of the frontier orbitals in the oxidation and reduction processes and enabled formulation of mathematical relationships that can be used to predict experimental measured potentials. X-ray crystal structures of 2cis, 3 and 5 are discussed.
and subsequent substitution of the carbene ligand by a phosphine to yield M(CO) 5 PR' 3 . Phosphines of low nucleophilicity, e.g. PPh 3 , tend to follow the first pathway while smaller, more basic phosphines, e.g. PMe 3 , follow the second route.
The σ-donor, π-acceptor [8] and steric [9] characteristics of phosphines can be regulated by modification of their substituents. Phosphines have many applications in organometallic chemistry, specifically as ligands in homogenous catalysts [10] . In the case of Fischer carbenes, phosphine -chelates‖, which are tethered to the carbene through the substituent on the carbene ligand [11] , have been synthesised, as well as examples of carbenes bound to polymers through the phosphorous ligand [12, 13] . It was shown that phosphines confer additional reactivity to the carbene complex during reactions with electrophiles, and alter the reactivity pattern during certain organic transformations by varying the stereoselectivity of the complex [14] . The change in stereoselectivity was brought about by the use of a chiral phosphine. Barluenga et. al. [15] also noted that phosphite ligands can be used to introduce chirality into a Fischer carbene complex. Phosphine carbene complexes were used by Arrieta et.al. [16] to alter the reactivity of Fischer carbene complexes during photocarbonylation reactions and to better understand the reaction mechanism. Even though these modifications of Fischer carbene complexes have been known since the late 1960s, not many examples of these complexes were found in literature. This gap was especially noticeable for the diphosphine derivatives [17] . Furthermore, to our knowledge, no examples of heteroaryl phosphine carbenes are known. The combination of altered reactivity of the complex and the catalytic properties of phosphines, motivated this investigation.
In order to design a Fischer carbenes of certain reactivity, the influence of different substituents, heteroatoms and groups on the electrochemical properties of the whole molecule has to be quantified. Cyclic voltammetry (CV) is one of the most versatile electroanalytical techniques to study electroactive species [18] [19] [20] . The oxidation and reduction potentials of a species can be measured with relative ease over a wide potential range. Electrochemistry thus represents an important experimental tool to the description and understanding of the molecular electronic structure and redox properties of a complex. The electronic influence of the different substituents, heteroatoms and groups on the redox properties of the Fischer carbene can be expressed qualitatively by correlation with electrochemical data. Theoretical density functional theory (DFT) calculation of the energies of the frontier MOs involved in the oxidation and reduction of the complex can be used as a tool to quantitatively correlate experimental and calculated data of a series of related complexes [21] [22] [23] . To this extend we hereby present a combined experimental, structural, electrochemical and DFT study of a series of phosphine tungsten carbene complexes.
Experimental

General
All reactions, unless otherwise noted, were performed under inert nitrogen or argon atmospheres using standard Schlenk techniques [24] . All solvents were freshly distilled, dried and collected under inert conditions, with the exception of toluene.
Toluene was not dried, but used after bubbling nitrogen gas through the solvent for 5 to 10 minutes. Column chromatography was carried out under inert nitrogen and argon atmospheres using silica gel (particle size 0.063-0.200 mm) as the stationary phase. Percentage yields were calculated relative to the limiting reactant.
Crystallization was done using hexane:DCM diffusion methods. Commercial thiophene was purified [25] and triethyloxonium tetrafluoroborate [26] was prepared according to a reported literature procedure. The reagents W(CO) 6 , n-butyl lithium (1.6 M solution in hexane), furan, 1,2-bis(diphenylphosphino)ethane (dppe), PPh 3 , cyclohexyl amine (CHA) and other commercial reagents were used as purchased.
NMR spectra were recorded on a Bruker ARX-300. NMR spectra were recorded in CDCl 3 , CD 3 CN or CD 2 Cl 2 using deuterated solvent peaks as the internal references. 1 H, 13 C and 31 P NMR spectra were measured at 300.1, 75.5 and 81 MHz, respectively.
IR spectra were recorded on a Perkin Elmer Spectrum RXI FT-IR spectrophotometer as KBr pellets and only the vibration bands in the carbonyl stretching region (ca.
1500-2200 cm -1 ) are reported. Mass spectra were recorded on a SYNAPT G2 HDMS with the TOF-MS method with sampling time of 4 minutes, with direct infusion inlet method. The source was electron spray ionization.
Synthesis of carbene complexes 1-12
The unsubstituted pentacarbonyl carbene precursor complexes A [27] , B [28] , C [4] and D [4] were prepared according to literature procedures and spectroscopic characterization data follow: 
Synthesis of mer-[W(dppe)(CO)
3
Synthesis of cis-[W(P(OPh) 3 )(CO) 4 {C(OEt)C 4 H 4 S}], (9cis)
Complex A (0.464 g, 1.00 mmol) and P(OPh) 3 (0.465 g, 1.50 mmol) were dissolved in 30 mL of toluene (wine-red solution). This mixture was left to reflux overnight (dark brown solution), and the solvent was removed (dark brown solid). The crude product was purified on silica gel using hexane:DCM gradients. Unreacted carbene A (0.100 g, 0.215 mmol, 21.5 %) and two products were obtained according to TLC.
The two products were identified as the cis and trans isomers of the product. The 
Synthesis of cis-[W(P(OPh) 3 )(CO) 4 {C(OEt)C 4 H 4 O}], (10cis)
Complex B (0.448 g, 1.00 mmol) and P(OPh) 3 (0.465 g, 1.50 mmol) were dissolved in 40 mL of toluene (wine red solution) and left to reflux for 24 hours (brown solution).
The solvent was then removed, yielding a brown solid as the crude product. TLC indicated little starting monocarbene B and two products, cis and trans isomers, were present. Starting monocarbene B was removed from the products on a silica gel filter using hexane:DCM gradient elution. The isomers were then separated on silica gel column using hexane:DCM gradient elution. Elution patterns and colours for the isomers were the same as for the thiophene analogues. Again, the trans product was an intractable mixture of compounds and could not be characterized unambiguously. were used as internal standard.
DFT calculations
Density functional theory (DFT) calculations of this study were performed with the hybrid functional B3LYP [32, 33] (and uB3LYP for radical cations or anions) as implemented in the Gaussian 09 program package [34] . Geometries of the neutral and charged complexes were optimized in gas phase with the triple-ζ basis set 6-311G(d,p) on all atoms except tungsten, where def-TZSVPP [35] was used (this level is denoted B3LYP/def2-TZSVPP). Adiabatic ionization potential and electron affinities were calculated from the energies of the relaxed minimum energy geometries of the charged species. Optimized geometries obtained from DFT calculations were used to perform an NBO analysis by the NBO 3.1 module [36] in Gaussian 09 at the same level of theory.
X-ray Crystallography
Single crystal X-ray data for 2cis were collected at 150 K on a Bruker D8 Venture kappa geometry diffractometer, with duo Is sources, a Photon 100 CMOS detector and APEX II [37] control software using Quazar multi-layer optics monochromated, Mo-Kα radiation by means of a combination of  and ω scans. Data for 3 were collected at 100(2) K, using a Bruker APEX DUO 4K-CCD diffractometer. Data reduction was performed using SAINT+ [37] and the intensities were corrected for absorption using SADABS [37] . The structures were solved by intrinsic phasing using SHELXTS [38] and refined by full-matrix least squares using SHELXTL and SHELXL-2013 [38] . Data for 5 and E were collected at 180(2) K on a Nonius Kappa CCD diffractometer, using graphite monochromated, Mo Kα radiation by means of phi and omega scans, and semi-empirical absorption corrections were based on equivalence.
In the structure refinement, all hydrogen atoms were added in calculated positions and treated as riding on the atom to which they are attached. All nonhydrogen atoms were refined with anisotropic displacement parameters, all isotropic displacement parameters for hydrogen atoms were calculated as X × Ueq of the atom to which they are attached, X = 1. 
Results and Discussion
Synthesis, characterization and X-ray crystallography
The incorporation of phosphines or phosphites into a Fischer carbene's ligand sphere can either be done before or after the carbene was introduced [14] [15] [16] 40, 41] . If M(CO) 5 PR' 3 is used instead of M(CO) 6 during the classical Fischer synthesis, cissubstituted carbenes are formed exclusively [5, 14] . A phosphine ligand reduces the electrophilicity of the trans-carbonyl carbon due to the increased back bonding from the metal, making it less available to react with the organolithium reagent. Therefore, the probability of the trans isomer forming, is reduced. If the phosphine is coordinated to the carbene complex by the normal carbonyl substitution methods, i.e. thermal or photolytic substitution, then both the cis and the trans isomers can be formed.
Literature concerning bidentate phosphine ligands report carbonyl substitution of the carbene complex as the only means to form the chelated carbene complexes [40] . isomers of 1 and 2 proved to be challenging due to the existing isomerisation equilibrium [45] . In fact, Cooke and Fischer [14] found it impossible to separate the isomers from one another. However, the isomers were successfully separated by means of fraction collection. Relatively low yields (~40%) were obtained when compared to literature reports for similar phosphine-substituted carbene complexes [46] . In the case of the phosphite complexes, 9 and 10, only the cis isomer could be characterized as the trans product could not be purified. Carbonyl groups can also be distinguished by the difference in magnitude of 2 J(P-C) coupling constants [54] . A trans carbonyl has a larger 2 J(P-C) coupling constant (24 Hz) than a cis carbonyl (6-7 Hz). By contrast, 1 J(P-W) for cis complexes (~220 Hz)
are larger than for trans complexes (~205 Hz) [55] . On the 31 
CV and DFT calculations
The cyclic voltammograms of carbene complexes 1-12 of this study are shown in Figure 5 and the data summarized in Table 1 and peak current ratios (i pa of the oxidation process / i pc of the reduction process) of complexes 1-4 indicated a two-electron transfer for both oxidation processes relative to a one electron reduction process, see the peak current ratios in Table 1 and the LSV of complexes 1 and 4 in Figure 5 as examples. The LSV and peak current ratios of complexes 5-12, are consistent with a two-electron oxidation process and a oneelectron reduction process (Table 1 and LSV of 12trans in Figure 5 ). The peak current and LSV ratios are in some cases less than 2, but still larger than 1, possibly due to the 
Electrochemical oxidation
The first oxidation process observed is assigned to the two-electron oxidation of the W(0) centre to W(II), indicated with peak (a) in Figure 5 . The assignment that the oxidation is metal-based is supported by DFT calculations of this study, and in agreement with the experimental assignment of the oxidation of the series of carbene complexes of tungsten by Licandro et. al. [60] and two aminocarbene complexes of tungsten reported by Ludvík [61] . The second oxidation process observed involves the two-electron oxidation of the electrochemically generated W(II) centre to W(IV), indicated with peak (c) in Figure 5 . This assignment is supported by DFT calculations of this study and has not previously been reported for tungsten-carbene complexes. 
Electrochemical reduction
The one-electron reduction processes observed at potentials below -1.680 V vs.
FcH/FcH + is labelled (b) in Figure 5 . This process is ascribed to the reduction of the carbene ligand. This assignment is supported by DFT calculations of this study, and in agreement with the experimental assignment of the reduction centre of two aminocarbene complexes of tungsten reported by Ludvík [61] . These reduction processes, except for 4cis, can be considered electrochemically reversible, since ΔE < 0.080 V for the phosphine-substituted carbene complexes 1-3 and 5-12 of this study.
(Experimentally the peak separation is often larger than the Nernstian value of 0.059 V (for a one electron process) due to uncompensated ohmic drops in the cell [62, 63] , therefore, for this study, E p values up to 0.090 V will be considered as indicative of an electrochemically reversible couple.) The peak current ratio of the reduction process i pa(red) /i pc(red) << 1 but increases with an increase in scan rate, indicating that the reduced carbene radicals are stabilized long enough on the time scale of the CV to be re-oxidized, see Figure 6 for complex 2cis as an example. The reduction process can thus be considered as chemically quasi reversible for carbene complexes 1-3 and 5-12 of this study. Oxidation Reduction 
DFT calculations
To understand the oxidation and reduction processes observed a density functional theory study of complexes 1-12 is presented. W(0)-carbenes are low spin diamagnetic Since reduction of a complex involves the addition of an electron to the LUMO of the complex, the character of the LUMO shows where the reduction process will take place and the energy of the LUMO is related to the ease of reduction. 
Substituent's effect on oxidation and reduction potential
After having confirmed the nature of the redox processes observed in Figure 5 The effect of CO substitution in pentacarbonyl Fischer carbene complexes on the ease of oxidation, reveals the following trend for the sixteen complexes in Table 1 : In comparing the thienyl vs. furyl substituent (compare 1 to 2, 3 to 4, 5 to 6, 7 to 8, 9
to 10 and 11 to 12), we observe that the oxidation potential is very similar for the thienyl vs. furyl complexes (within 0.04 V). However, the reduction peak of the reduction process shifts more than 0.080 V to a lower potential in changing from thienyl to furyl. The furyl-containing complexes are thus reduced at a lower, more negative E pc . Since the reduction centre is distributed over the carbene carbon, the nitrogen or oxygen heteroatom and the furyl or thienyl substituent, the electronic properties of the thienyl or furyl substituent will directly influence the reduction potential to a larger extent than the oxidation potential which is W-metal based. The effect of the thienyl substituent compared to furyl, can be calculated by the electronic population of the carbene carbon (Mulliken charge and NPA charge higher for thienyl) and experimentally seen by the 13 C shift of the carbene carbon (5 -26 ppm to lower field for thienyl), see Table 2 .
In comparing the alkoxy-vs. aminocarbene (compare 1 to 3, 2 to 4, 5 to 7, 6 to 8, 9cis to 11cis and 10cis to 12cis), we observe that the alkoxycarbenes are more difficult to oxidize (higher, more positive E pa ) and more easily reduced (higher, less negative E pc ) than the aminocarbenes. This is consistent with the higher electronegativity of the oxygen atom (3.5) with respect to nitrogen (3.1) [64] , making the carbene carbon less negative and more difficult to oxidize (easier to reduce). The effect on the reduction potential is more pronounced since the reduction centre is spread over the carbene carbon, the nitrogen or oxygen heteroatom and the furyl or Further support that the first oxidation process of 1-12 is related to the HOMO that is mainly metal-based, the relationship between the first oxidation potential (in V) and the DFT calculated HOMO energy, E HOMO in eV, is illustrated in Figure 11 . Both E HOMO and the DFT calculated two-electron ionization potential, IP 2e-, relate linearly to the first oxidation process: Table 1 and Table 2 . Experimental potentials are reported relative to the FcH/FcH + couple.
The trend obtained between the DFT calculated LUMO energy, E LUMO in eV, of neutral 1-12, A-D and F-I and the reduction potential E pc , confirms the role of the LUMO, that is mainly centred on the carbene ligand, in the reduction process. An electron will more easily be added to a LUMO of lower, more negative energy with a higher electron affinity EA (in eV), i.e. the complex will more easily be reduced at a higher, less negative reduction potential, see Figure 12 . Table 2 .
The effect of CO substitution in pentacarbonyl Fischer W-carbene complexes on the ease of oxidation, as related to the HOMO energy, E HOMO in eV, over a large potential range (-0.2 -0.8 V vs. FcH/FcH + ) is illustrated in Figure 13 for the sixteen W-carbene complexes in Table 1 and given by: Table 1, Table 2 and from reference [4] . 
